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The respiratory burst of neutrophils was measured as a function of the ratio of the opsonised beads to neu- 
trophils. The rate of oxygen uptake was found to be linear up to a bead:neutrophil ratio of 25. The produc- 
tion of the superoxide anion, as measured by the rate of reduction of cytochrome c, was negligible until 
a certain ‘critical’ value of the bead:neutrophil ratio was reached. The rate of oxygen consumption and su- 
peroxide release above the critical value varies linearly with the bead:neutrophil ratio. Both the rate of oxy- 
gen consumption and of superoxide release vary with the square of the radius of the ingested particle. It 
is suggested that this depends on the surface area of neuttophil membrane, activated by contact with the 
antagonist. 
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1. INTRODUCTION 
It is well-established that the stimulation of 
human neutrophils by both soluble and particulate 
stimuli results in a large increase in the rate of ox- 
ygen consumption and concomitant release of its 
reduction products, e.g., the superoxide anion. 
Evidence for the formation of the superoxide 
anion has been provided by superoxide dismutase- 
inhibited reduction of both ferricytochrome c [l] 
and nitroblue tetrazolium [2], by spin trapping [3] 
and more recently, by electrochemical detection at 
an opsonised electrode [4,5]. 
Studies on the stimulation of human neutrophils 
have usually been performed using a high stimulus- 
to-cell ratio. This is not normally a physiologically 
relevant situation. A neutrophil will usually only 
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be required to challenge one entity at a time, rather 
than many simultaneously. It is of interest, 
therefore, to examine neutrophil function at lower 
stimulus-to-cell ratios. Segal and Coade [6] have 
shown that the rate of oxygen consumption by 
neutrophils, stimulated by opsonised latex par- 
ticles, showed a linear dependence upon the 
number of particles used per cell. As the number of 
particles added was increased, this linear relation- 
ship eventually started to break down as a satura- 
tion level was approached. We describe herein the 
relationship between the rate of superoxide anion 
release and the number of particles ingested. 
2. EXPERIMENTAL 
Neutrophils were prepared by a modification of 
the method of Boyum [7]. Fresh blood was col- 
lected by venous puncture and placed in vials con- 
taining heparin (Flow Laboratories) giving a final 
concentration of 10 units heparin . cmw3. Dextran 
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T-500 (Pharmacia) was added to a final concentra- 
tion of 1% w/v in order to increase the rate of 
erythrocyte sedimentation. After sedimentation 
was complete, the lymphocyte-rich supernatant 
was layered on top of a Histopaque solution 
(Sigma) and centrifuged at 400 x g for 20 min. 
This yielded a cell pellet containing mainly 
neutrophils and a few contaminating erythrocytes. 
The contaminating erythrocytes were removed by 
hyptonic lysis in deionised water for 30 s by adjust- 
ment to isotonicity through addition of an equal 
volume of 1.8% w/v NaCl solution. Centrifuga- 
tion of the suspension for 5 min at 400 x g yielded 
a cell pellet containing more than 95% viable 
neutrophils. The cells were resuspended in Hanks’ 
balanced salt solution. Cells were then counted in 
a Neubauer chamber after a 20-fold dilution of 
stock into a solution containing crystal violet, 
0.1% w/v, and acetic acid, 0.1% v/v. 
UV-visible spectra were recorded on a Shimadzu 
UV-3000 spectrophotometer operating in the dual 
wavelength, time-base mode. The production of 
the superoxide anion was monitored by measuring 
the reduction of ferricytochrome c (Sigma) at 
550 nm relative to an isosbestic point at 540 nm 
[8]. An extinction coefficient of 21.1 mM_’ *cm-’ 
[9] was used. 
Monodisperse polystyrene beads (Polyscience) 
of diameters 0.5, 0.75 and l.O,um were separately 
opsonised by incubating with a solution of IgG 
(15 mg.cmm3; Miles) at 37°C for 30 min. The 
beads were then spun down and resuspended in 
buffer before use. Each experiment consisted of 
adding between 0.8 x 10’ and 1.6 x 10’ 
neutrophils to a stirred cuvette containing fer- 
ricytochrome c (400 ,ug . cme3) in Hanks’ balanced 
salt solution, thermostatted at 37°C. A 
background rate of reduction was measured over a 
period of 2-3 min before a fixed number of op- 
sonised beads was injected. The total cuvette 
volume was always 2 cm3. The initial rate of fer- 
ricytochrome c reduction was measured. All ex’- 
periments on a given batch of neutrophils were 
carried out within 1 h. 
A Clarke-type electrode (Rank Bros.), ther- 
mostatted at 37”C, was used to determine the rate 
of oxygen consumption by the neutrophils. Each 
experiment consisted of adding between 0.8 x 10’ 
and 1.2 x 10’ neutrophils to a stirred electrode 
chamber containing Hanks’ balanced salt solution. 
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After recording a steady background rate, a 
known number of opsonised polystyrene beads 
was injected and the initial rate of oxygen con- 
sumption measured. The final volume was 2 cm3 
for all experiments. All experiments on a given 
batch of neutrophils were carried out within 1 h. 
3. RESULTS 
Fig.1 shows the dependence of the rate of fer- 
ricytochrome c reduction on the number of op- 
sonised beads (diameter = 0.75 pm) added per 
neutrophil. No increase in the rate of fer- 
ricytochrome c reduction, above background, is 
seen until a particle-to-cell ratio of approx. 3 is 
reached. Above this ‘critical’ value, a linear rela- 
tionship between the rate of ferricytochrome c 
reduction and the bead-to-cell ratio is seen. Similar 
results were obtained with 0.5 pm and 1.0 pm 
beads. However, the gradient of the plot and the 
critical value were found to vary with bead size as 
shown in table 1. The neutrophils were all taken 
from one donor; neutrophils taken from other 
donors all gave similar results. Fig.2 shows the 
variation of the rate of oxygen consumption of 
stimulated human neutrophils with bead-to-cell 
ratio. The beads used had a diameter of 0.75 pm. 
A linear relationship can be seen between the 
number of beads added and the rate of oxygen 
consumption. Similar results were obtained with 
both 0.5 pm and 1 .O pm beads. However, the gra- 
dient of the line was found to vary with bead size, 
as summarised in table 2. 
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Fig.1. The dependence of the rate of cytochrome c
reduction ~JM emin-‘) on the ratio of opsonised beads to 
neutrophils. 
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Table 1 4. DISCUSSION 
The rate of reduction of ferricytochrome c by stimulated 
human neutrophils 
Consider the results for one size of bead, in par- 
ticular, the critical value below which no reduction 
of ferricytochrome c is observed. If we assume that 
ferricytochrome c can only react with superoxide 
released into the extracellular medium then, if a 
phagocytic vacuole is formed ‘within’ the 
neutrophil, it will be completely inaccessible to 
solution ferricytochrome c. Consequently any 
superoxide released into such a vacuole will remain 
undetected. It is proposed, therefore, that below 
the critical value the neutrophil has time to com- 
plete vacuole formation before releasing the 
superoxide anion. Superoxide release will only oc- 
cur within the phagosome because only the Fc- 
receptors on the neutrophil membrane which sur- 
rounds the opsonised bead will be activated and 
consequently, only the NADPH oxidase associated 
with these Fc-receptors will function. When the 
bead-to-cell ratio exceeds the critical value (fig.l), 
the neutrophil becomes ‘overstressed’. The. fre- 
quency of encounters with particles is such that 
each neutrophil, attempting to phagocytose a 
number of particles, either simultaneously or. in 
rapid succession, releases uperoxide anion before 
vacuole formation is complete. The superoxide 
anion leaks out into the bulk medium where it is 
detected by the reduction of ferricytochrome C. 
The critical value cannot be due to phagocytosis 
not occurring at low bead-to-cell ratios because 
there is a stimulation of the rate of oxygen con- 
sumption at these low ratios (fig.2). 
Bead Critical Ratioa Correctedb RatioC 
diameter value (bead : gradient 
(um) neutrophil 
ratio) 
0.5 6.2 4.0 2.3 1.0 
0.75 3.6 2.3 4.4 1.9 
1.0 1.4 0.9 9.7 4.2 
a Ratio of critical values, setting that for 0.5 pm beads 
to 4.0 
b Gradient corrected for both number of cells and 
number of beads 
’ Ratio of corrected gradients, setting that for 0.5,~m 
beads to 1.0 
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Fig.2. The dependence of the rate of oxygen uptake 
(,&I. min-‘) on the ratio of opsonised beads to 
neutrophils. 
Table 2 
The rate of oxygen consumption by stimulated human 
neutrophils 
Bead Corrected Ratiob Calculated ratios 
diameter gradient= 
CrLm) r ? ? 
0.5 0.31 1.0 1.0 1.0 1.0 
0.75 0.63 2.0 1.5 2.25 3.38 
1.0 1.17 3.6 2 4 8 
a Gradient corrected for both number of cells and 
number of beads 
b Ratio of corrected gradients, setting that of 0.5 pm 
beads as 1.0 
The linear relationship between the rate of 
superoxide release and the bead-to-cell ratio may 
be readily explained. For a fixed number of 
neutrophils the number of collisions between cells 
and latex beads will show a first order dependence 
upon the number of beads per unit volume in 
suspension. Up until the critical value, ex- 
tracellular superoxide release does not occur. 
When the critical value is just exceeded the rate of 
bead-to-cell collisions will be such that some 
‘leaky’ phagosomes are formed, though, obvious- 
ly, most phagosomes will not leak and consequent- 
ly only a little superoxide will be detected in bulk 
solution. As the bead-to-cell ratio is increased 
however, more and more phagosomes will be 
leaky. The rate of superoxide release will be seen to 
vary approximately linearly with bead-to-cell ratio 
33 
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as long as some phagosomes fail to leak, just as is 
observed. 
With respect o the effect of using different sizes 
of latex particles, it can be seen that as the size of 
the particle is increased, the critical value decreases 
and the gradient of the linear portion increases 
(table 1). The change in the critical value varies 
with the square of the radius of the particle, i.e. the 
critical value is proportional to the surface area of 
the particle. The explanation for the change in the 
gradient is less obvious. The gradient data were 
corrected for different numbers of neutrophils 
used in each experiment. Clearly the rate of fer- 
ricytochrome c reduction will vary with the 
number of neutrophils per unit volume for a fixed 
bead-to-cell ratio. If the neutrophils release a given 
quantity of superoxide anion per minute, doubling 
the number of neutrophils will clearly double the 
rate of release of the superoxide anion and hence 
the rate of ferricytochrome c reduction will also 
double. It is reasonable to assume that the rate of 
phagocytosis is directly related to the rate of colli- 
sion of the neutrophils with the beads. Therefore, 
above the critical limit, the rate of release of the 
superoxide anion would be governed by the follow- 
ing expression: 
Rate = k[neutrophils] [beads] 
When the gradient data are corrected for this type 
of rate expression (table l), it can be seen that the 
gradients for different bead sizes vary with 2 for 
the bead i.e. the rate of superoxide production is 
proportional to the surface area of the particles be- 
ing phagocytosed and, consequently, the extent of 
activation of the neutrophil will be proportional to 
the surface area of the particles ingested. The ox- 
ygen consumption studies are in agreement with 
this idea. The gradients of plots of the rate of ox- 
ygen consumption vs number of beads are given in 
table 2. When corrected to 1 x lo7 neutrophils per 
cm’, as in the case of the formation of the superox- 
ide anion, these gradients vary with both 2 and the 
number of latex beads. 
5. CONCLUSION 
We have demonstrated that at very low stimulus- 
to-cell ratios, although neutrophils undergo a 
respiratory burst, as judged by their rate of oxygen 
consumption, they do not release the superoxide 
anion into the bulk medium. Above a critical limit, 
which depends upon the size of the particles 
employed, then the superoxide anion is released in- 
to the bulk medium. The rate of oxygen consump- 
tion varies linearly with the particle-to-cell ratio as 
does the superoxide release above the critical limit. 
Both the rate of oxygen consumption and the rate 
of superoxide anion release are found to vary with 
the square of the radius of the particle reflecting a 
dependence upon the surface area of neutrophil 
membrane activated by contact with the an- 
tagonist .
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